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TECHNICAL NOTE
In vivo "culture" of a transporting renal epithelial
monolayer
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Attempts to establish a primary cell culture from
a well-defined segment of the mammalian nephron
have been fraught with difficulties, and at present
no such cell line exists [1]. Handler et a! have re-
cently established and maintained a line of toad
bladder epithelial cells in culture and have shown
that these cells form a transporting epithelial mono-
layer that is responsive to specific hormonal stimu-
lation [2]. Our initial efforts to achieve the same ob-
jective with mammalian tubular epithelial cells have
not met with the same success, presumably due to
inadequacies in the composition of the culture me-
dia used.
In an attempt to devise an approach that does not
use conventional in vitro culture media, we have in-
vestigated the usefulness of an in vivo environment
in growing and maintaining an intact renal epithelial
monolayer. To this end, we studied an established
line of adult dog kidney cells (MDC K) implanted in-
to the nude mouse, an immunologically incompe-
tent species in which transplantation of heterografts
is possible [3].
Following the demonstration that renal epithelial
cells in culture maintain their transport properties
[4, 5], Misfeldt, Hamamoto, and Pitelka [6] demon-
strated that MDCK cells grown on a freely per-
meable support behave as an intact, transporting
epithelium. The cells form tight junctions and align
themselves so that the basolateral surface attaches
to the support and the apical surfaces face the medi-
um. Their findings were subsequently confirmed by
other workers using modified techniques [7, 8]. The
present study used an adaptation of the above tech-
niques to grow and maintain a transporting mono-
layer of MDCK cells in vivo.
Methods
In vivo 'culture" in nude mice. The MDCK line
isolated from whole adult dog kidney (ATCC CCL
465
34, passage #54) was provided by Dr. Dayton Mis-
feldt, Veterans Administration Hospital, Palo Alto,
California. The cells were maintained in culture by
serial passage or as frozen aliquots in medium con-
taining 10% dimethylsulfoxide. The cells were cul-
tured in DME medium to which 10% foetal bovine
serum was added. Diffusion chambers, 13 mm in di-
ameter, were constructed by fixing the circum-
ferences of two membrane filters (Millipore HAWP
02500) to both sides of a plastic ring (Millipore
PR0001401) with Millipore cement (# XX7000000)
(Fig. 1). The chambers thus formed had two mem-
branes separated by a 2-mm space. Chambers were
sterilized by boiling them in distilled water and ex-
posing them to ultraviolet light for 24 hours. MDCK
cells (approximately 5 X 10 cells/ml) were injected
into the chamber through a small hole in the plastic
ring. In three experiments, one surface of the dif-
fusion chamber was constructed from a Millipore
THWP 02500 filter (which allows visualization of
cells through an inverted microscope), and a small-
er number of cells (approximately 100,000) was in-
jected into the chamber. The hole in the chamber
was sealed with a piece of melted plastic (Teflon).
The chamber was immersed horizontally in the cul-
ture medium described above and maintained in an
incubator for 12 to 24 hours to allow for attachment
of cells to the lower Millipore filter. In chambers
with low cell densities, discrete nonconfluent cell
colonies were observed at 24 hours. The chambers
were then removed and implanted into the perito-
neal cavities of 2- to 3-month-old nude mice by an
aseptic surgical technique. The mice were housed in
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sterilized cages in a laminar-flow biological safety
cabinet. At weekly intervals from 1 to 4 weeks, the
animals were sacrificed, and the chambers were re-
moved for study. Control experiments were per-
formed on confluent MDCK monolayers main-
tained in vitro at 37° C in a humidified atmosphere
of 95% oxygen and 5% carbon dioxide for 4 weeks
with medium changes at 4-day intervals.
In i'ivo 'culture'' in normal tnice. Chambers con-
taining MDCK cells were implanted into 6 normal
Swiss Webster mice by techniques identical with
those described above. Two chambers each were
removed for study after 3, 7, and 14 days.
Measurements of monolayer function. After re-
moval of the diffusion chambers from the peritoneal
cavities of the mice, the filter with its adherent
monolayer was removed with a sharp blade and in-
serted into an Ussing chamber having a cross sec-
tional area of 0.125 cm2. Monolayers maintained in
vitro were studied 2 to 4 hours after a medium
change. Both sides of the membrane were bathed in
a freshly prepared Ringer's solution containing (in
millimoles per liter): sodium chloride, 120; potas-
sium chloride, 4.8; calcium chloride, 1.3; mono-
basic potassium phosphate, 1.2; magnesium sulfate,
1.2; sodium bicarbonate, 25; glucose, 5. The pH
was adjusted to 7.4 immediately prior to the experi-
ment. Studies were performed at room temper-
ature. No bubbling was used because this was
found to cause detachment of cells. Mixing was
achieved by constant gentle aspiration and ejection
of the bathing solutions into syringes connected to
each side of the Ussing chamber. The following
measurements were made at 1, 2, and 4 weeks, re-
spectively.
(1) Transepithelial potential djjference. The trans-
epithelial potential difference (PD) was measured
through two calomel half-cells connected to a volt-
meter via agar bridges containing Ringer's solution.
Recordings were made after 10 mm of equilibration.
(2) Transepithelial electrical resistance. The
transepithelial electrical resistance was measured
by passing a current of 100 amperes across the cell
layer via two additional agar bridges and recording
the voltage deflection. Resistance was calculated by
Ohm's Law from the PD and the magnitude of the
external current. Blank Millipore filters maintained
in culture medium had the same resistance as blank
filters removed from the peritoneal cavities of the
nude mice at 4 weeks. The mean of two measure-
ments on blank membrane filters was used to deter-
mine the resistance of the system (minus the mono-
layer) for each experiment. The resistance of the
blank filters was approximately 6 ohm cm2. Be-
cause an edge-damage artifact could significantly
alter the measured resistance of the monolayer,
some monolayers were studied in larger Ussing
chambers (0.50 cm2 cross-sectional area). Com-
parable resistances obtained in chambers with dif-
ferent circumference:area ratios would suggest that
edge damage artifacts are negligible.
(3) Dilution potentials. Dilution potentials that
arise from a transepithelial ionic concentration gra-
dient were used to indicate the differential per-
meability of the membrane to sodium and chloride.
Ringer's solution, containing 120 m sodium chlo-
ride, was maintained on the apical side of the mem-
brane, and the solution bathing the basolateral sur-
face was replaced with solutions containing either
60 mi, 30 m, or 10 m sodium chloride made
isosmolar with appropriate amounts of sucrose. The
ratio of PNa/PCl was estimated from the dilution po-
tentials resulting from the imposed concentration
gradients where the voltage, PD, equals (TNa —
(NaCl)apT1) in . The regression slope (M) of the(NaCl)bl
relationship between log (NaClap/NaClbl) and PD
was used to calculate this permeability ratio [6],
where (NaC1)ap and (NaCl)bl are the concentrations
of sodium chloride in the solutions bathing the api-
cal and basolateral surfaces, respectively. (Slope M
= RT/F [TNa — T(l], where TNa and T1 are the trans-
ference numbers of sodium and chloride; TNa/Tcl =
PNa/PCl and TNa + T1 = 1.)
4) Bidirectional sodium fluxes. Bidirectional so-
dium fluxes were measured on nine 4-week-old in
vivo monolayers and five in vitro monolayers. Be-
cause a preliminary in vitro study has indicated that
net sodium transport from apical to basolateral sur-
faces required the presence of aldosterone in the
medium [7], the nude mice were given D-aldos-
terone in ethanol (Ciba Pharmaceuticals Co., Sum-
Fig. 1. A diffusion chamber constructed fro,n tuo Millipore fil-
ters glued to a plastic ring.
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mit, New Jersey), (0.2 p.g/g of body wt per day) by
deep i.m. injection for 2 days prior to removal of the
monolayer. Sodium 24 and sodium 22 (5 CiIml),
respectively, were added to the apical and basolat-
eral solutions. The small spontaneous PD was short-
circuited, and duplicate 5-j.il aliquots were obtained
from each side of the Ussing chamber every 10 mm
for 30 mm. Samples were counted in a gamma coun-
ter immediately after the experiment (sodium 22
plus sodium 24) and again 7 days later when the so-
dium 24 had decayed. Because sodium fluxes were
constant over the 30-mm period of observation, re-
suits are expressed as the mean of the three 10-mm
periods.
Because net sodium (and probably volume)
fluxes in the in vivo monolayers were significantly
greater than those reported for in vitro MDCK
monolayers, the possibility was considered that this
may have been aldosterone-mediated. Consequent-
ly, apical to basolateral fluxes of sodium 22 were
also studied in seven monolayers obtained from
nude mice that did not receive aldosterone.
Electron microscopy. The monolayers plus sup-
porting filter discs were fixed in 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer for 30 mm and post-
fixed in 1% osmium tetroxide. Crosssections
through the monolayer and the Millipore filter were
examined by standard electron microscopy tech-
niques.
Results
The results of measurements of spontaneous
transepithelial PD, transepithelial resistance, and
relative permeability to sodium and chloride are
shown in Table 1 for monolayers studied at 1, 2, 3,
and 4 weeks after implantation into the nude mice
and after four weeks of in vitro culture. The least
square regression slopes of log (NaClaiJNaClbl) ver-
sus PD for all experiments in each of the different
groups of monolayers were not significantly dif-
ferent from each other. (PNa/PC1 ratio for the blank
disc alone was approximately 0.69, which is close to
the ratio of mobilities of sodium and chloride in wa-
ter.) The resistance of five monolayers studied in
larger Ussing chambers was 52.0 3,4 ohm cm2
suggesting that significant edge damage was not oc-
curing in the smaller chambers.
Filter discs removed from six normal mice
showed no evidence of cellular viability. There was
no spontaneous PD, resistances were identical to
the blank discs, and dilution potentials were absent.
The chambers contained cellular debris.
Table 1. Transepithelial potentials, resistances, and sodium-to-
chloride permeability ratios of in vivo and in vitro monolayers
cultures of adult dog kidney cellsa
Time
after
implant
weeks
PD
mV
Resistance
ohm 'cm2 PNa/PCI N
Invivo 1 —0.3 0.2 40.9 2.7 1.64 0.14 33
2 —0.1 0.4 31.8 1.7 1.60 0.19 26
3 —0.2 0.6 48.9 6.8 1.67 0.23 9
4 —0.2 0.3 47.4 5.7 1.50 0.22 11
Invitro4 —0.4 0.2 49.1 4.6 1.62 0.24 5
a Values are the means SEM. The potential difference (PD) is
oriented relative to zero on the basolateral surface.
Table 2. Bidirectional sodium fluxes (JNa) across monolayers of
adult dog kidney cells studied after 4 weeks of in vivo or in vitro
culturea
JNa (ap to bl)
wnoles/
cm2lhr
JNa (bl to ap)
pinoles/
cm2lhr
JNa (net)
pinolesi
cm2/hr N
Invivo 18.2 3.8 10.7 2.0 7.5 2.3 9
In vitro 15.5 2.5 12.7 2.7 2.7 0.8 5
a Values are the means SEM. Abbreviations are: ap, apical;
bI, basolateral. Positive net fluxes are from apical to basolateral
surfaces.
The fact that actual proliferation of MDCK cells
occurred in vivo was evidenced by the fact that con-
fluent monolayers were observed microscopically
after 2 weeks in those chambers in which non-
confluent islands of cells were implanted. The resis-
tance of these monolayers was comparable to that
observed in experiments using high-cell densities.
Table 2 lists the bidirectional fluxes of sodium 22
and sodium 24 across short-circuited monolayers
studied at 4 weeks. Apical-to-basolateral flux con-
sistently exceeded basolateral-to-apical flux (P <
0.005 by paired Student's t analysis). The mean (±
sEM) net sodium flux was 7.5 2.3 j.tmoles/cm2/
hour. Unidirectional sodium fluxes from apical to
basolateral surfaces were not significantly different
in monolayers obtained from aldosterone-versus
nonaldosterone-treated animals (18.2 3.8 vs. 15.8
1.8 moles/cm2/hour, respectively). Mean net so-
dium flux was significantly greater in the in vivo
than it was in the in vitro monolayers (P < 0.05,
unpaired t test).
Electron microscopy of monolayers studied at 1
and 2 weeks showed features identical to those pre-
viously described for in vitro cultures of MDCK
cells [6, 8]; that is, they had a sparse brush border
and no evidence of a basement membrane. But at 3
and 4 weeks, a distinct intact basement membrane
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Fig. 2. Electron micrographs of MDCK mono/ayers grown in vivo in nude mice, a Monolayer removed after 2 weeks shows attachment to
Mihipore filter (ml), no evidence of a basement membrane, and a sparse apical villi. A dilated intercellular space is seen on the right (X
11,750). b Monolayer removed after 3 weeks shows evidence of a well-defined basement membrane (bm) between the Millipore filter and
the basal cell surface (x20,700).
was seen to have formed between the cells and the
Millipore filter (Fig. 2). This was observed in three
out of three monolayers studied by electron micros-
copy. Intercellular spaces were generally dilated
with numerous lateral processes projecting into the
spaces (Fig. 2, a and b), and well-defined junctional
complexes were evident. At 3 to 4 weeks, the apical
membrane showed an obvious increase in the num-
ber of microvilli (Fig. 2, a and b). Although no at-
tempt was made to quantitate this change, the den-
sity of the microvilli can be easily appreciated in
cells sectioned in a plane parallel to the supporting
filter (Fig. 2c).
Discussion
The present studies establish the fact that the re-
nal epithelial cell line, MDCK, can be maintained in
vivo in the nude mouse and will demonstrate physi-
ologic properties that are essentially identical to
those previously observed in vitro. In addition, cer-
tain functional and structural features appear to be
altered by the in vivo system.
The low mean spontaneous transepithelial PD'S
varying between approximately —1 mV to + 1 mV
are similar to those reported for in vitro cultures [6—
81. Mean transepithelial resistance was approxi-
mately the same for monolayers studied at 1 to 4
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Fig. 2. c MDCK cells removed after 3 weeks and sectioned in a plane parallel to the supporting Millipore filter disc show numerous villi
extending from apical sutface (x12,700).
weeks, with the values at 2 weeks being somewhat
lower than those observed initially or after 3 to 4
weeks. Transepithelial resistances of approximately
50 ohm cm2 measured at 22 to 25° C are com-
parable to the value of approximately 80 ohm cm2
obtained in vitro by Misfeldt, Hamamoto, and Pi-
telka using similar Millipore filter support [6]. High-
er values have been reported (± 100 ohm cm2)
with collagen-coated nylon cloth discs [7] or with
Nucleopore polycarbonate filters (± 170 ohm cm2)
[8].
The sodium-to-chloride permeability ratio of 1.5
to 1.6 in the present studies is identical to the value
of 1.7 obtained by Misfeldt et al [6]. Rabito et al [8]
have described values of 4.35 0.54 with a dif-
ferent support.
Although there are no previous studies of uni-
directional sodium fluxes on MDCK monolayers,
Simmons has reported a value for net sodium flux
(apical to basolateral) of 2.44 1.6 moles/cm2/
hour in monolayers incubated in aldosterone for 4
hours [9]. A similar value was obtained in the ab-
sence of aldosterone in the present studies. The
mean net sodium flux obtained under short-cir-
cuited conditions in the in vivo monolayers was ap-
proximately three times greater and indicates signif-
icant active sodium transport from apical to basola-
teral surfaces. Translated into net isotonic fluid
transport, the present monolayers would transport
fluid at a rate of approximately 45 plIcm2/hour,
which is also considerably greater than the value of
7.2 3.5 obtained by Misfeldt et al [6] and approxi-
mately twice that reported by Cereijido et al [7].
The higher rates of apical-to-basolateral sodium
flux observed in these studies appears to be an in-
trinsic property of the in vivo monolayer because
closely comparable results were obtained in al-
dosterone- and nonaldosterone-treated animals.
An interesting observation in the present study
and one that has not been described in vitro is the
formation of an intact basement membrane and a
rich brush border after 3 to 4 weeks in vivo, pre-
sumptive evidence of the fact that the in vivo milieu
provides growth requirements that are not present
——S .'
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in standard culture media. The formation of a base-
ment membrane has not been observed in MDCK
monolayers studied in vitro. The possibility that
this structure is actually a "microexudate," as de-
scribed by Cereijido et al [7], could not be excluded,
although the homeogeneity of its structure makes
this unlikely. It is also of note that such "exudates"
have only been demonstrated on collagen-coated
supports and were not observed in in vitro cultures
with untreated Millipore filters as was the case also
in this and other studies [6].
It appears that the technique described herein
could be an important addition to conventional in
vitro techniques of cell culture. If the higher trans-
port rates and altered structural features (that is,
formation of a basement membrane) of the mono-
layer grown in vitro reflect a "higher" level of dif-
ferentiation, it is possible that the technique could
be used to expose many properties of existing cell
lines that are either not evident or only partially ex-
pressed when conventional in vitro methods are
used. In vivo demonstration of the potential for en-
hanced differentiation would assist in the search for
specific nutrients and growth factors that would al-
low the cells to attain similar properties in vitro. Al-
though the usefulness of this method has not yet
been demonstrated for primary cultures of trans-
porting epithelia, there are a number of reasons why
such a possibility is attractive. First, the method
may be advantageous in initiating cell proliferation
by providing specific growth factors that are absent
from conventional media and without which initial
cell proliferation is limited. Second, if comparisons
between cells of the same passage grown in vivo
and in vitro reveal major differences in structure
and function, delineation of the specific in vitro re-
quirements that determine such differences could
provide important new information on the control
of cell differentiation.
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